Background and Aim: The resting energy expenditure (REE) of ill children is commonly estimated from prediction formulae developed in healthy children. The aim of the present study was to evaluate the accuracy of commonly employed REE prediction formulae versus indirect calorimetry in hospitalized children. Methods: We performed a cross-sectional study of 236 infants, children, and adolescents consecutively admitted to the Intermediate Care, Nephrology, Intensive Care, Emergency, and Cystic Fibrosis Units of the De Marchi Pediatric Hospital (Milan, Italy) between September 2013 and March 2015. REE was measured by indirect calorimetry and estimated using the World Health Organization (WHO), Harris-Benedict, Schofield, and Oxford formulae. Results: The mean (standard deviation) difference between the estimated and measured REE was: À1 (234) kcal/day for the WHO formula; 82 (286) kcal/day for the Harris-Benedict formula; 2 (215) kcal/day for the Schofieldweight formula; À2 (214) kcal/day for the Schofield-weight and height formula; and À5 (221) kcal/day for the Oxford formula. Even though the WHO, Schofield, and Oxford formulae gave accurate estimates of REE at the population level (small mean bias), all the formulae were not accurate enough to be employed at the individual level (large SD of bias). Conclusions: The WHO, Harris-Benedict, Schofield, and Oxford formulae should not be used to estimate REE in hospitalized children.
M alnutrition is common among hospitalized children and is associated with increased length of stay and complications (1, 2) , especially in intensive care units (ICU) (3) .
The estimation of total energy expenditure, the first step of tailoring nutritional support, usually starts from the measurement or the estimation of basal or resting energy expenditure (REE) (4) (5) (6) . REE can be measured using indirect calorimetry (IC) but is more commonly estimated using prediction formulae (7) . As pointed out by recent reviews, REE formulae have not undergone an extensive evaluation in heterogeneous clinical populations (4, 6) .
Most clinical validation studies of REE formulae have been performed in mechanically ventilated children (8) . Even if the measurement of REE in such children may be especially reliable (9) , the findings obtained in mechanically ventilated children cannot be generalized to spontaneously breathing children (6) . The 5 most commonly employed REE prediction formulae are the World Health Organization (WHO) formula, the Harris-Benedict formula, the Schofield formula based on weight, the Schofield formula based on weight and height (7) , and the Oxford formula (10) . Although these formulae have been validated with variable results in healthy children, their accuracy in ill children is largely unknown (4, 6) .
The aim of the present study was, therefore, to evaluate the accuracy of the WHO, Harris-Benedict, Schofield, and Oxford
What Is Known
Indirect calorimetry is the reference method for the assessment of resting energy expenditure. Indirect calorimetry is not available for routine clinical use and the resting energy expenditure of ill children is often estimated using formulae developed in healthy children.
What Is New
We evaluated the accuracy of commonly used resting energy expenditure prediction formulae (World Health Organization, Harris-Benedict, Schofield, and Oxford) against indirect calorimetry in hospitalized children. The World Health Organization, Schofield, and Oxford formulae were accurate at the population level but all formulae were not accurate enough at the individual level.
formulae in a large series of acutely and chronically ill children cared as inpatients at an Italian Pediatric Hospital.
PATIENTS AND METHODS

Study Design
We performed a cross-sectional study of 236 infants, children, and adolescents consecutively admitted to the Intermediate Care, Nephrology, Intensive Care, Emergency, and Cystic Fibrosis Units of the De Marchi Pediatric Hospital (Milan, Italy) between September 2013 and March 2015. Patients from all Units were excluded from the study in the presence of respiratory quotient (RQ) <0.67 or >1.3; need of supplemental oxygen; and inability to maintain the fasting state for at least 4 hours. Values of RQ between 0.67 and 1.3 were used as marker of validity of the IC measurements following McClave et al (11) . Patients from the Nephrology Unit were excluded from the study in the presence of nephrotic syndrome; treatment with intravenous methylprednisolone; kidney transplantation with circulating antidonor antibodies; and hemodialysis or peritoneal dialysis with acute disease, for example, influenza. Patients from the Emergency Unit were excluded from the study in the presence of gas leaking >10% and fraction of inspired oxygen (FIO 2 ) >40%. Patients with FIO 2 > 40% were excluded from the study because, even if the inspired oxygen will contribute to the measured REE, such contribution is expected to substantially distort the measure at values of FIO 2 ! 60% (12). The study was approved by the Ethical Committee of the De Marchi Pediatric Hospital and the parents of the children gave their written informed consent.
Anthropometry
Weight, length (age <2 years), or height (age !2 years), arm circumference, and triceps skinfold were measured following international guidelines (13) . Body mass index (BMI) was calculated as weight (kg)/length or height (m) 2 . Standard deviation scores (SDS) of weight, length, height, weight-for-length, weight-for-height, BMI, arm circumference, and triceps skinfold were calculated using the WHO reference data (14, 15) . WHO SDS could be calculated for the following intervals of age and anthropometric dimensions: weight-for-age from age 0 to 10 years; length-for-age from age 0 to 2 years; height-for-age from age 2 to 18 years; weight-for-length for length 45 to 110 cm; weight-for-height for height 65 to 120 cm; arm circumference-for-age from age 0.25 to 5 years; and triceps skinfold-for-age from age 0.25 to 5 years.
Measurement of Resting Energy Expenditure
REE was measured in thermoneutral conditions using an open-circuit indirect calorimeter (Vmax 29, Sensor Medics, Yorba Linda, CA). An 8-hour fasting period was recommended for all patients, but a fasting period of at least 4 hours was acceptable for patients ages 2 years or younger. In spontaneously breathing patients, a canopy was positioned around the patient's head and the expired air was drawn from the hood at a fixed rate (16) . In patients requiring mechanical ventilation, the calorimeter was connected to the ventilator (Babylog VN500, Dräger, Andover, MA). No changes in the ventilator settings were done for at least 1 hour before the REE measurement. Steady state was defined as at least 5 minutes with <5% variation in RQ, <10% variation in oxygen consumption, and <10% variation in minute ventilation (11) . After the steady state was reached, the REE measurement was performed for at least 30 minutes. REE was obtained from oxygen uptake and carbon dioxide output using Weir's equation (17) .
Estimation of Resting Energy Expenditure
REE was estimated using the 5 most commonly employed formulae: the WHO formula (7), the Harris-Benedict formula (7), the Schofield formula based on weight (7), the Schofield formula based on weight and height (7), and the Oxford formula (10).
Statistical Analysis
Most variables were not Gaussian distributed and all are reported as 25th, 50th, and 75th percentiles. Bland-Altman plots of the bias (estimated REE À measured REE) versus the average [(estimated REE þ measured REE)/2] and of the percent bias [(estimated REE À measured REE)/measured REE] versus the average were used to evaluate the presence of proportional bias (18, 19) . The association between the bias and the average was evaluated using the Pearson product-moment correlation coefficient. Because proportional bias was detected in all cases, the Bland-Altman limits of agreement were not calculated (20) . The absolute bias was Gaussian distributed, as determined by using kernel density plots and the Shapiro-Wilk test. The comparison of the measured and estimated values of REE was performed using Student t test for paired data. The percent bias was not Gaussian distributed. We evaluated the association of the percent bias of the Schofield-weight formula with sex, age, weight, and respiratory insufficiency (RI) using multivariable median regression (21) . The response variable was percent bias (continuous, %) and the predictors were sex (discrete, 0 ¼ female; 1 ¼ male), age (continuous, years), weight (continuous, kg), and RI (discrete, 0 ¼ no; 1 ¼ yes). The continuous predictors were in linear relation with the outcome, as detected by using multivariable fractional polynomials (22) . Statistical analysis was performed using Stata 14.1 (Stata Corporation, College Station, TX).
RESULTS
Clinical, Anthropometric, and Metabolic Features of the Patients
A number of 236 consecutive patients (200 Caucasians 85% and 123 boys 52%) aged 0.04 to 17.7 years were studied. Among them, 210 (89%) were spontaneously breathing. The reasons for hospitalization were (in order of frequency) the following: RI (n ¼ 81); kidney disease (n ¼ 51); rheumatic disease (n ¼ 32); cystic fibrosis (n ¼ 18); blood disease (n ¼ 17); gastrointestinal disease (n ¼ 16); neurological disease (n ¼ 12); infectious disease (n ¼ 6); and slow growth (n ¼ 3).
The anthropometric and metabolic measurements of the patients are given in Table 1 .
The measurements of weight and length or height were available in all 236 patients, those of arm circumference in 223 (95%), and those of triceps skinfold in 219 (93%). The median SDS of weight-for-age, length-for-age, height-for-age, weight-forlength, weight-for-height, and BMI-for-age were negative, signaling values always below the 50th percentile. In detail, the median BMI-for-age was À0.33 SDS, corresponding to the 37th percentile and 28 children (12%) had a BMI-for-age <2 SDS. The median (interquartile range) REE was 895 (419-1315) kcal/day. Table 2 gives the absolute and percent bias of the WHO, Harris-Benedict, Schofield, and Oxford formulae. Figure 1 shows the presence of negative proportional bias for all formulae, especially for the Harris-Benedict formula. Ã WHO SDS could be calculated for the following intervals of age and anthropometric dimensions: (1) weight-for-age from age 0 to 10 years; (2) length-for-age from age 0 to 2 years; (3) height-for-age from age 2 to 18 years; (4) weight-for-length for length 45 to 110 cm; (5) weight-for-height for height 65 to 120 cm; (6) arm circumference-for-age from age 0.25 to 5 years; (7) triceps skinfold-for-age from age 0.25 to 5 years. Because proportional bias was detected also for percent bias (not shown), limits of agreement were not calculated. Because IC is a reference method, the values reported in Table 2 , however, do accurately quantify the prediction error and its interindividual variability.
Accuracy of the Prediction Formulae
The estimated REE was <80% and >120% of measured REE in 16% and 28% of patients using the WHO formula; 10% and 41% using the Harris-Benedict formula; 15% and 27% using the Schofield-weight formula; 14% and 26% using the Schofieldweight and stature formula; and 14 and 28% using the Oxford formula. This offers a rough but clinically useful measure of how many children would be underfed or overfed using these formulae (5). Using a stricter criterion (23), the estimated REE was <90% and >110% in 35% and 36% of patients using the WHO formula; 22% and 46% using the Harris-Benedict formula; 35% and 35% using the Schofield-weight formula; 35% and 33% using the Schofield-weight and stature formula; and 33% and 33% using the Oxford formula. Figure 2 plots the joint contribution of sex, age, weight, and RI to the percent bias of the Schofield formula (multivariable median regression).
Sex (P ¼ 0.9), age (P ¼ 0.9), and weight (P ¼ 0.8) were not associated with the percent bias but RI was (35%, 95% CI 23-46, P < 0.001).
DISCUSSION
Most of the available clinical validation studies of REE formulae have been performed in mechanically ventilated children (4, 6) . In the present study, we evaluated the accuracy of the most commonly employed REE prediction formulae (WHO, HarrisBenedict, Schofield, and Oxford) (7, 10) in a large sample of hospitalized children.
All formulae except the Harris-Benedict formula gave accurate estimates of REE at the population level (small mean bias) but were not accurate enough to be employed at the individual level (large SD of the bias). This finding has important implications for the treatment and prevention of hospital malnutrition (1). Our results highlight the risk of underfeeding or overfeeding in hospitalized children whose energy prescription is based on REE estimated from commonly used prediction formulae.
In order to evaluate how REE formulae perform in a ''mixed'' pediatric hospital setting, we chose to study a heterogeneous population of hospitalized children. An obvious limitation of this approach is that, for most of the diseases that we studied, we do not reach a sufficient number of children to test whether purposely developed REE population-specific formulae perform better than traditional REE formulae. Further studies should be performed to test whether population-specific formulae can improve the accuracy of REE estimation in the pediatric hospital setting. Moreover, in the present study, we did not evaluate the contribution of nutritional rehabilitation (24) and of the ebb and flow phases of trauma (25) to the bias of estimated REE. These are clinically important modifiers of REE worthy of further clinical investigation.
The mean bias of the WHO (À1 kcal), Schofield-weight (2 kcal), Schofield-weight and height (À2 kcal), and Oxford (À5 kcal) formulae was much lower than the mean bias of the Harris-Benedict Schofield−weight formula vs. Indirect Calorimetry (82 kcal) formula. If one considers the large SD of the bias shown by all formulae, it is, however, clear that none of these formulae can be applied satisfactorily at the individual level. The greater absolute and proportional bias associated with the Harris-Benedict formula was not unexpected, owing to the fact that its development sample included only adults. The similar accuracy of the Schofield and Oxford formulae was also not unexpected because most of their development sets consisted of common subjects. Our findings about the accuracy of the Schofield formulae agree with those of other researchers who studied mechanically ventilated children or children recovered in ICU (8, 26) . It is also worth noting that, in a clinical population made mostly of children with failure to thrive (27) , the Schofield-weight formula proved slightly better than the Harris-Benedict formula. Interestingly, despite the highly variable age and weight of our children, we found that these factors were not associated with the percent bias of the Schofield-weight formula. The contribution of RI to the bias of the Schofield-formula was, however, clinically relevant and shows that the presence of RI should be always taken into account by studies investigating the accuracy of estimated REE in the clinical setting. Our conclusion that REE formulae should not be used in hospitalized children, be they under mechanical ventilation or not, is the same offered by most studies of mechanically ventilated children (8, 9, 28) .
In conclusion, the WHO, Harris-Benedict, Schofield, and Oxford formulae should not be used to estimate REE in hospitalized children. Further studies are needed to test whether populationspecific formulae can improve the accuracy of REE estimation in the hospital setting and to test whether factors such as nutritional rehabilitation can affect the ability of IC to estimate REE in hospitalized children.
